Introduction
============

Tetrapodal pentadentate ligands can be used to provide a defined platform for small molecule activation and catalysis.[@cit1] One successful ligand design is the polypyridyl PY~5~ system first reported by the Stack[@cit2] and Feringa[@cit3] groups. This neutral ligand coordinates to metals from across the periodic table[@cit4] and its oxidative stability allows access to a range of metal oxidation states,[@cit5] a key feature for applications in catalysis.[@cit6] This ligand framework has been successfully employed in catalyst systems that generate dihydrogen[@cit7]--[@cit10] or oxygen[@cit11]--[@cit13] from water, using earth abundant metals such as molybdenum and cobalt.[@cit14] More recently, Gardinier has introduced a related ligand system, Pz~4~Py, incorporating pyrazolyl donors instead of pyridyl moieties.[@cit15]![](c6sc01433j-u1.jpg){#ugr1}

The overall neutral charge of the PY~5~ and Pz~4~Py ligands necessarily means that higher oxidation state intermediates bear positive charges and are fleeting, highly reactive species. Rendering ligands anionic[@cit16]--[@cit18] may stabilize higher oxidation state intermediates so they can be studied in more detail. Dianionic renditions of these ligands should allow for the synthesis of neutral higher oxidation state compounds; the transposition of carbon for boron at the linking positions of the PY~5~ or Pz~4~Py ligands is an established way to introduce the negative charges in the form of borates.[@cit19] Here, we introduce the new dianionic ligand B~2~Pz~4~Py and its use in the synthesis of iron imido complexes that are strong hydrogen atom acceptors.

Results and discussion
======================

Details concerning the synthetic assembly of the B~2~Pz~4~Py ligand framework are given in [Fig. 1](#fig1){ref-type="fig"}. The most convenient ligand precursor, the \[B~2~Pz~4~LiPyH\]~2~ dimer shown in [Fig. 1](#fig1){ref-type="fig"}, can be prepared in two steps starting from 2,6-bis(trimethylstannyl)pyridine[@cit20] and bromo-(dimethylamino)phenyl borane.[@cit21] Mixing these two reagents together in toluene and stirring at room temperature for 24 hours yields a pale yellow semi solid upon removal of volatiles. This 2,6-diborylpyridyl species is stabilized by the strongly π donating NMe~2~ groups, but does exhibit strong sensitivity to even weak donors and so is used without further purification in a reaction with a 3 : 1 mixture of freshly sublimed pyrazole and lithium pyrazolate. This leads to elimination of HNMe~2~ and production of gram quantities of \[B~2~Pz~4~LiPyH\]~2~, isolated in up to 81% yield as an air and water stable white solid. Crystals were obtained from THF/hexanes and the structure solution shows that the pyrazolyl nitrogens from opposing units coordinate a lithium counteranion in an approximately tetrahedral environment. The pyridine nitrogens are protonated to balance the second borate negative charge ([Fig. 1](#fig1){ref-type="fig"}). Metrical data within the structure are unremarkable and details can be found in the ESI (Fig. S1[†](#fn1){ref-type="fn"}).

![Synthesis and structure of dianionic pentadentate ligand precursor **\[B~2~Pz~4~LiPyH\]~2~**. Thermal ellipsoids are drawn to the 50% probability level.](c6sc01433j-f1){#fig1}

For attachment to iron, this ligand precursor was taken up in THF and deprotonated using LiO^i^Pr; this solution of *in situ* generated dilithio salt was then transferred to a suspension of FeBr~2~ in THF ([Scheme 1](#sch1){ref-type="fig"}) to form the Fe([ii]{.smallcaps}) complex **1·THF**. Yellow-green crystals of this air and moisture sensitive, paramagnetic compound were obtained, and its structure confirmed *via* X-ray crystallography (Fig. S2[†](#fn1){ref-type="fn"}). The ligand coordinates in a square-pyramidal array, while the THF ligand occupies the position *trans* to the pyridyl group to form an overall octahedral geometry. An Evan\'s method measurement yields a *μ*~eff~ of 5.64 B. M., consistent with a high spin (HS) electron configuration with 4 unpaired electrons (*S* = 2). The 80 K Mossbauer spectrum of **1·THF** features a quadrupole doublet with parameters of *δ* = 1.13 mm s^--1^ and Δ*E*~Q~ = 2.40 mm s^--1^, consistent with an *S* = 2 iron([ii]{.smallcaps}) species (Fig. S3[†](#fn1){ref-type="fn"} and [Table 1](#tab1){ref-type="table"}).[@cit22]--[@cit25] DFT computations using the B3PW91 functional indicate that the HS *S* = 2 configuration is 10.2 kcal mol^--1^ lower in energy than the low spin (LS) *S* = 0 configuration (Table S1[†](#fn1){ref-type="fn"}).

![Synthesis of iron([ii]{.smallcaps}) complexes of **\[B~2~Pz~4~LiPyH\]~2~** and their reactions with organoazides RN~3~ (R = adamantyl, C~6~H~4~^*t*^Bu, SO~2~C~6~H~4~^*t*^Bu).](c6sc01433j-s1){#sch1}

###### Experimental and calculated Mössbauer parameters for compounds **1·THF**, **2·Ar**, and **3·Ar**

  Cmpd        Mössbauer parameters (experimental)[^*a*^](#tab1fna){ref-type="table-fn"}   Mössbauer parameters (calculated)          
  ----------- --------------------------------------------------------------------------- ----------------------------------- ------ ------
  **1·THF**   1.13                                                                        2.40                                0.91   2.94
  **2·Ar**    0.26                                                                        1.24                                0.24   1.00
  **3·Ar**    0.20                                                                        1.96                                0.31   1.79

^*a*^ **1·THF** and **2·Ar** data collected at 80 K, **3·Ar** data collected at 5 K.

Low valent iron complexes can react with nitrene transfer agents to generate higher oxidation state imido derivatives.[@cit26]--[@cit41] Complex **1·THF** was thus reacted with organic azides, RN~3~, of varying electronic properties (R = adamantyl, C~6~H~4~-*p*-^*t*^Bu and SO~2~C~6~H~4~-*p*-^*t*^Bu) using dry benzene as a solvent in an attempt to generate isolable, neutral Fe([iv]{.smallcaps}) imido derivatives. In each case, the product was the corresponding Fe([iii]{.smallcaps}) amido complex **2·R** ([Scheme 1](#sch1){ref-type="fig"}), isolated in moderate yields. Amidos **2·R** were all fully characterized, including *via* X-ray crystallography for **2·Ar** (shown in [Fig. 2A](#fig2){ref-type="fig"}) and **2·Ad** (Fig. S5[†](#fn1){ref-type="fn"}). All are paramagnetic with *μ*~eff~ values of 1.82--2.05 B. M., indicating a LS, *S* = 1/2 configuration, and exhibit sharp N--H stretches in the IR spectrum at 3262 (**2·Ad**), 3303 (**2·Ar**) and 3071 (**2·SO~2~Ar**) cm^--1^. EPR spectroscopy of **2·Ar** further confirms that it is an *S* = 1/2 species (see ESI, Fig. S6[†](#fn1){ref-type="fn"}). In the UV-vis spectra, these amides exhibit low energy absorptions at 625 nm (**2·Ad**) and 829 nm (**2·Ar**). Qualitatively, the rate of the reaction was related to the nature of R; for adamantyl azide, the reaction required heating, while for the aryl and sulfonyl azides, gas evolution was immediate upon addition of the azide to solutions of **1·THF**. For the aryl azide, an initially formed brown solution turned green over a couple of hours, suggesting the intermediacy of a transient species. We surmised that the path to amido products **2·R** may involve the predicted Fe([iv]{.smallcaps}) imido species, which then abstract a hydrogen atom from the liberated THF ligand to form the observed products; indeed, when THF-*d*~8~ is added, an N--D stretch in the IR spectrum at 2451 cm^--1^ for **2·Ar**-*d*~1~ is observed, but full conversion to **2·Ar** takes significantly longer and the sample is only partially deuterated (see below). The products of H atom abstraction from THF in this reaction were not definitively identified, but THF is the most likely source of hydrogen atoms in this system.

![Molecular structures (50% ellipsoids) of compounds **2·Ar** (A), **1** (B) and **4** (C). Selected metrical parameters (distances in Å, angles in °) for **2·Ar**: Fe(1)--N(1), 1.994(3); Fe(1)--N(2), 1.982(2); Fe(1)--N(4), 2.002(2); Fe(1)--N(6), 1.869(3); N(2)--Fe(1)--N(6), 91.97(11); N(4)--Fe(1)--N(6), 89.45(11); N(1)--Fe(1)--N(6), 178.34(16); Fe(1)--N(6)--C(20), 139.0(3). The aryl amido ligand plane lies along the plane bisecting the N(2)--Fe(1)--N(2′) and N(4)--Fe(1)--N(4′) angles. Selected metrical parameters for **1**: Fe(1)--N(1), 2.098(2); Fe(1)--N(2), 2.159(2); Fe(1)--N(4), 2.101(2); Fe(1)--N(6), 2.130(2); Fe(1)--N(8), 2.089(2). Selected metrical parameters for **4**: Fe(1)--O(2), 1.913(3); Fe(1)--N(11), 2.111(4); S(1)--O(1), 1.460(3); S(1)--O(2), 1.513(3); S(1)--N(10), 1.503(4); Fe(2)--N(10), 1.909(4); Fe(2)--N(1), 2.144(4); Fe(1)--O(2)--S(1), 151.0(2); Fe(2)--N(10)--S(1), 148.6(3).](c6sc01433j-f2){#fig2}

We therefore hypothesized that removal of hydrogen atom donors from the system would be necessary in order to observe the putative Fe([iv]{.smallcaps}) imido compounds. Heating solid samples of isolated **1·THF** to 150 °C under high vacuum for a few hours resulted in removal of the ligated THF, forming THF-free **1** in excellent yield. Recrystallization from very dry benzene/pentane mixtures allowed for determination of its molecular structure, which is shown in [Fig. 2B](#fig2){ref-type="fig"}. The geometry at iron is square pyramidal, and the complex retains the HS, *S* = 2, configuration found in **1·THF**, with a *μ*~eff~ of 5.33 B. M. DFT computations reproduce the experimental structure accurately and indicate the HS configuration is 14.4 kcal mol^--1^ more stable than the LS configuration in this 5 coordinate derivative (Table S2[†](#fn1){ref-type="fn"}). The "naked" 5-coordinate complex is somewhat unusual, but it should be noted that in the crystal structure, the complex packs in dimeric units in which C(11) comes into close contact with the iron center of the adjacent molecule (Fe(1)···C(11) = 3.282 Å, Fig. S7[†](#fn1){ref-type="fn"}). In solution, however, this vacant coordination site is available for reaction with Lewis bases and other reagents.

With THF-free **1** in hand, we examined its reactions with the three azides RN~3~ in hydrogen atom transfer (HAT) inert solvents such as benzene or bromobenzene (refer back to [Scheme 1](#sch1){ref-type="fig"}). It was necessary to rigorously exclude polar solvents and impurities to avoid producing amides **2**; indeed, even working up the reactions in hexanes, which likely contain tertiary C--H bonds, led to the amido products and thus it was necessary to employ pure, dry pentane or Me~3~SiOSiMe~3~ to prevent formation of the amido complexes. Again, the facility of the reaction between **1** and the azides was dependent on the nature of the azide R substituent. Surprisingly, for adamantyl azide, no reaction was observed with **1**, even upon heating to 60 °C in bromobenzene. Indeed, there was no visual or spectroscopic (UV-vis) evidence for interaction of the AdN~3~ reagent with **1**. Only when a species capable of contributing a hydrogen atom (THF or toluene) was introduced did the reaction proceed, then giving **2·Ad** directly. This observation suggests that an Fe imido complex is not readily formed for this azide and that reaction of **1** with this bulky azide requires the aid of a hydrogen atom donor in order to proceed.

In contrast, reaction with the sulfonyl azide N~3~SO~2~Ar was rapid at room temperature, evidenced by vigorous gas evolution upon dropwise addition of the azide to solutions of **1**. The product isolated and characterized by X-ray crystallography was the dinuclear Fe([iii]{.smallcaps})--Fe([iii]{.smallcaps}) species **4**, the molecular structure of which is shown in [Fig. 2C](#fig2){ref-type="fig"}, along with selected metrical data. The Fe(1)--O(2) and Fe(2)--N(10) distances are consistent with Fe([iii]{.smallcaps})-element single bonds, while the S(1)--N(10) distance of 1.503(4) Å is indicative of some multiple bonding in this linkage. Compound **4** likely forms through the rapid formation of an Fe([iv]{.smallcaps}) imido, **3·SO~2~Ar**, which rapidly picks up a second equivalent of Fe([ii]{.smallcaps}) **1** to give the observed dinuclear species ([Scheme 1](#sch1){ref-type="fig"}).[@cit42] Attempts to observe **3·SO~2~Ar** by using an "inverse addition" strategy, or by treating **4** with an excess of azide reagent met with failure and only **4** was produced. When isolated samples of **4** were treated with an excess of THF at room temperature, a 1 : 1 mixture of **2·SO~2~Ar** and **1·THF** was produced rapidly.

However, when the aryl azide ^*t*^BuC~6~H~4~N~3~ was employed in reaction with **1**, evidence for formation of **3·Ar** was observed. Rapid evolution of N~2~ was accompanied by a deepening of the light green color of **1** to a brown suspension from which dark green, solid **3·Ar** could be isolated in 67% yield. The product is paramagnetic with a *μ*~eff~ value of 2.87 B. M., indicative of an *S* = 1 spin state, as determined *via* the Evans method on freshly prepared samples. Unfortunately, despite several attempts, crystals of this crucial material could not be obtained, likely due to its propensity to convert to amido complex **2·Ar**. Consequently, **3·Ar** was examined through DFT studies and the computed structure was obtained.

The computed structures of the LS (*S* = 0), HS (*S* = 2) and *S* = 1 spin states of **3·Ar** indicate that the last is the most stable by 12.1 kcal mol^--1^ over the LS configuration (Tables S3 and S4[†](#fn1){ref-type="fn"}). The structure is similar in geometry to that of Fe([iii]{.smallcaps}) amido complex **2·Ar** ([Fig. 3](#fig3){ref-type="fig"}), but exhibits a much shorter Fe--N distance of 1.696 Å, in line with other Fe imido complexes,[@cit26],[@cit43],[@cit44] and a wider Fe--N--C~ipso~ angle of 143.33°. The N--C~ipso~ distance of 1.349 Å, coupled with alternation of long--short--long bond distances within the aryl ring suggest the NAr ligand is best described an imido based radical;[@cit37] indeed, the highest energy SOMO orbital shows significant localization on the imido nitrogen ([Fig. 3](#fig3){ref-type="fig"}, inset) and the calculated spin density population (Fig. S8[†](#fn1){ref-type="fn"}) is also in agreement with this description.

![Computed structure of **3·Ar** at the B3PW91 level of theory. Selected bond distances and angles (Å): Fe--N, 1.696 Å; Fe--N--C~ipso~, 143.33°. Depiction of the highest energy SOMO orbital (upper right).](c6sc01433j-f3){#fig3}

Mössbauer spectroscopy of **3·Ar** was performed to evaluate the oxidation state of this species. While the Mössbauer spectrum of **3·Ar** at 80 K is broadened, the spectrum at 5 K ([Fig. 4B](#fig4){ref-type="fig"}) is well-resolved. It contains a major quadrupole doublet (red component, 80% of all iron) with parameters of *δ* = 0.20 mm s^--1^ and Δ*E*~Q~ = 1.96 mm s^--1^ as well as two additional iron species (see [Fig. 4](#fig4){ref-type="fig"} caption), including one that is consistent with the presence of **2·Ar**, likely formed from **3·Ar** during transport and handling of the sample. Spin-quantitated EPR analysis further supports this minor component as being an *S* = 1/2 species (see ESI[†](#fn1){ref-type="fn"}). Importantly, the isomer shift of the major species corresponding to **3·Ar** is similar to that for **2·Ar** (an iron([iii]{.smallcaps}) species), suggestive of similar oxidation states of iron in both complexes. In addition, previously reported iron([iv]{.smallcaps}) imido species typically have low isomer shifts: the iron([iv]{.smallcaps})-tosylamido species of Que and co-workers[@cit32] (*δ* = 0.02 mm s^--1^), the iron([iv]{.smallcaps})-imido corrolazine complex of Goldberg *et al.*[@cit45] (*δ* = --0.05 mm s^--1^), the iron([iv]{.smallcaps}) pincer imido reported recently by Mindiola *et al.* (*δ* = --0.09 mm s^--1^)[@cit46] and the novel carbene-stabilized bis-imido iron([iv]{.smallcaps}) complexes of Deng (*δ* = --0.29 to --0.52 mm s^--1^)[@cit47] are pertinent examples. Thus, the Mössbauer data is most consistent with an iron([iii]{.smallcaps}) description for **3·Ar**. This assignment was further corroborated by computing the Mössbauer data using methodology developed by Neese *et al.*;[@cit48] as can be seen in [Table 1](#tab1){ref-type="table"}, the computed values are in broad agreement with the experimental values for both **2·Ar** and **3·Ar**, taking into account the limitations of such calculations.

![80 K Mössbauer spectra of solid (A) **2·Ar** collected at 80 K and (B) **3·Ar** collected at 5 K. The two minor impurities in the **3·Ar** sample have Mossbauer parameters of *δ* = 0.26 mm s^--1^, Δ*E*~Q~ = 1.24 mm s^--1^ (green, 13% of total iron) and *δ* = 0.39 mm s^--1^, Δ*E*~Q~ = 0.40 mm s^--1^ (blue, 7% of total iron).](c6sc01433j-f4){#fig4}

Taken together, the above data suggests the nature of **3·Ar** is best described as a LS Fe([iii]{.smallcaps}) (d^5^, *S* = 1/2) iron center bonded to an *S* = 1/2 imido radical species. Such imido radical formulations have been proposed in other systems, both for iron[@cit37] and cobalt.[@cit49]--[@cit52] In **3·Ar**, the two spins reside in orthogonal orbitals and so an *S* = 1 system is the result. This description also accounts for why this compound so readily converts to **2·Ar** in the presence of even weak hydrogen atom donors, such as toluene (the Bond Dissociation Energy, BDE, for the benzylic C--H bond of toluene is ≈89 kcal mol^--1^).[@cit53] While the lower energy SOMO is essentially metal-based (see Fig. S8, ESI[†](#fn1){ref-type="fn"}), the orbital associated with the HAT reactivity is imido nitrogen-based and optimally oriented for accepting a hydrogen atom donor ([Fig. 3](#fig3){ref-type="fig"}, inset). Experiments are also consistent with this picture. Quantitative analysis of the rate of the reaction of **3·Ar** with varying amounts of toluene (20--300 equivalents) was conveniently done by following the reactions by UV-vis spectroscopy at room temperature (Fig. S9, ESI[†](#fn1){ref-type="fn"}). The process is shown to be first order in \[toluene\], suggesting a bimolecular HAT reaction involving the benzylic toluene hydrogens as the source of the amido hydrogen in **2·Ar**. From the plot of *k*~obs~*vs.* \[toluene\] (Fig. S10 and S11, ESI[†](#fn1){ref-type="fn"}), a second order rate constant of 1.60(5) × 10^--3^ M^--1^ s^--1^ is obtained. This is comparable to that of 9.1 ± 0.9 × 10^--3^ M^--1^ s^--1^ observed in the bimolecular HAT reaction between a 4 coordinate beta-diketiminato supported Fe([iii]{.smallcaps}) imido and 1,4-cyclohexadiene at --51 °C.[@cit36] While comparison of these two systems is tempered by the different conditions under which the rates were measured, we note that the lower coordinate iron imido is unreactive towards toluene, indicating qualitatively that the present system is highly reactive towards even weak hydrogen atom donors in comparison. Indeed, a transition state for HAT from toluene to **3·Ar** was located and exhibits a near linear N--H--C vector with a low barrier of 6.4 kcal mol^--1^ for hydrogen transfer (Fig. S12 and Table S5[†](#fn1){ref-type="fn"}). The computed homolytic BDE for the N--H bond in **2·Ar** was found to be 91.3 kcal mol^--1^, slightly greater than values found in Holland\'s beta-diketiminato amido complexes,[@cit36] and contributes to the exothermicity of HAT to the imido radical ligand in **3·Ar**.

Since the product of HAT **2·Ar** is paramagnetic, quantification of the NH *vs.* ND isotopologues was challenging; furthermore, we found by IR spectroscopy that the major isotopologue produced from reaction of **3·Ar** with deuterated THF or toluene was in fact the NH isotopologue, suggesting that even the small amount of residual protons in the deuterated solvent are able to compete in these HAT reactions. Nonetheless, by integrating the N--H *vs.* the N--D stretching bands in the IR spectrum of a sample of **2·Ar**-*d*~*n*~ (*n* = 0, 1) generated by gentle heating of **3·Ar** in THF-*d*~8~ (0.23% THF-*d*~7~), a *k*~H~/*k*~D~ of 567 ± 16 was estimated. This experiment was repeated three times and a similar result was observed when toluene-*d*~8~ was employed. The calculated intensities of the N--H *vs.* N--D stretching frequencies indicate that they are of a similar magnitude, with the N--D stretch being less intense by a factor of 1.8; even with this correction a *k*~H~/*k*~D~ of ≈315 is obtained. While certainly unusual, we note that KIEs of this magnitude are a hallmark of the HAT reaction. For example Holland *et al.* report a value of 105 ± 28 in the HAT from cyclohexadiene to a beta-diketiminato ligand supported Fe([iii]{.smallcaps}) imido complex.[@cit36] This value was obtained by taking the ratio of measured rate constants obtained using undeuterated and fully deuterated cyclohexadiene substrates and does not account for the possibility of competitive H atom transfer from residual protons in the deuterated substrate; it therefore may represent a low estimate of the true *k*~H~/*k*~D~ in this system. Using a more accurate method, Meyer *et al.* report a "colossal" *k*~H~/*k*~D~ of 439 ± 8 in the transfer of a hydrogen atom from N to a substrate in an osmium amide/imide system.[@cit54] Thus, such reactions do feature very large KIE, and while the value obtained for the conversion of **3·Ar** to **2·Ar** here likely has a large error associated with it, the key point is that it is much larger than a conventional KIE. We calculate a *k*~H~/*k*~D~ of 5.82 by substituting D for H in the transition state calculation; clearly, the experimental value is much greater than that and supports a HAT mechanism with a substantial tunneling component during the transfer of the hydrogen atom.

Unlike Betley\'s imido radical system,[@cit37],[@cit40] which also abstracts hydrogen atoms from suitable donors, we do not observe significant N--C bond formation *via* a radical-rebound process. Thus, our system does not mediate C--H bond amination, and we detect less that 4% of the Ar(PhCH~2~)NH amine product that would be expected if this were occurring in the reaction of **3·Ar** with toluene. Following the intrinsic reaction coordinates from the TS for hydrogen atom transfer (Fig. S12[†](#fn1){ref-type="fn"}) leads to the full dissociation of the benzyl radical and there is no clear driving force for any rebound of the formed radical. Every attempt to rebound the radical leads back to the C--H activation TS so that it seems that there is no energetically accessible TS leading to C--N bond formation. We speculate that the change from a LS configuration in **2·Ar** to a HS configuration in the Fe([ii]{.smallcaps}) amine product may play a role in the low level of C--N bond formation in this system.

Conclusions
===========

In conclusion, we have generated and characterized a 6 coordinate Fe([iii]{.smallcaps}) imido radical *via* reaction of a 5 coordinate Fe([ii]{.smallcaps}) species with an aryl azide. It appears that the affinity of the imido group in **3·Ar** for hydrogen atoms is quite high relative to previously reported, lower coordinate systems,[@cit36],[@cit37] an observation which may be related to the higher coordination number and anionic nature of the ligand in **3·Ar**, which pushes significant spin density onto the imido nitrogen. In combination with the sterically modest (*i.e.*, no *ortho* groups on the aryl substituent) and bent *para*-^*t*^Bu *N*-aryl group, this effect results in an imido radical ligand that exhibits powerful hydrogen atom acceptor ability.
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